We analyzed the effect of polymeric dielectric with hydroxyl and hydroxyl-free group on current-voltage characteristics of organic thin film transistor by the use of benzimidazole-derived arylene bisimide derivatives. Polyvinyl alcohol (PVA) with polar group and benzocyclobutene (BCB) with non-polar group were used as solution processed dielectric materials to compare with each other in thin film transistor application. The hydroxyl group has a significant effect on turn-on voltage and turn-off current in depletion regime due to hydroxyl group. It is observed that the surface morphology is influenced by the chemical structure of polymeric dielectric concerning surface energy. The electron field effect mobility of both arylene bisimides is enhanced by decreased surface energy of dielectric. The highest mobility was obtained by employing naphthalene bis-benzimidazole as an active layer on both dielectrics compared with perylene bis-benzimidazole semiconductor. The electrical behaviors of these semiconductors are discussed in relation to gate dielectric surface properties.
Introduction
Organic semiconductors have been attracting much attention for electronic devices because of their potential applications in low-cost, large area and flexible devices such as plastic solar cell, flat-panel displays etc. [1] [2] [3] . Organic thin film transistors (OTFT) based on highly conjugated p-channel or n-channel active, as organic electronic devices, have been used on active and passive matrix displays [4, 5] , radio frequency identification tags, chemical sensors, biological sensors, etc. [6, 7] . Low molecular weight perylene and naphthalene bisimide derivatives, arylene bisimides were widely investigated as small organic molecules with various substituents to create advantages on their electrochemical, luminescent and electronic properties allowing application to construct organic based electronic devices [8] [9] [10] . The strong − interactions and high electron affinity are special features of these materials to utilize in n-channel organic thin film transistors [11] [12] [13] . In recent years, electron accepting moieties like halogen substituents [14] [15] [16] and polymer containing arylene bisimides [17, 18] have been reported as air stable n-channel OTFT. Remarkable studies have been reported employing various perylene and naphthalene bisimides as modified dielectric layer with poly-methylmethacrylate (PMMA) [19, 20] , n-octadecyl triethoxysilane (OTS) [21] , hexzamethyl disilazane (HDMS) and 3,5-bis(trifluoromethyl)thiophenol [22] , on bare SiO 2 [23, 24] . The surface modification improves drastically the performance of OTFTs in compared only with the bare SiO 2 . Polymeric dielectrics have been used widely in gate insulators in recent years, due to their favorable chemical and physical properties in solution processable deposition technique. Some of these polymeric materials also compete with the bare SiO 2 insulator for application in electronics [25] . Their surface properties influence directly morphology of semiconductors and semiconductor/dielectric interface in which motion of charge carriers occurs [26, 27] . The studies of OTFT based on perylene and naphthalene organic semiconductors are less common for comparative of performance arylene bisimides on bare polymeric dielectric surfaces.
We now report the OTFT performances with novel naphthalene and perylene bisimides substituted benzimidazole groups on hydroxyl and hydroxyl-free polymeric insulators. The synthesis of the naphthalene and perylene bis-benzimidazole is reported elsewhere [28, 29] . Novelty of application on OTFTs for these molecular structures is the extended conjugation of aromatic rings on bare polymeric dielectrics, compared to the naphthalene and perylene diimides studied in literature. Hydroxyl-free divinyltetramethyldisiloxane-bis (benzocyclobutene) (BCB, called "cyclotene") and hydroxyl polyvinyl alcohol (PVA) were chosen to evaluate the performance of fabricated transistors dependence 0379-6779/$ -see front matter © 2013 Elsevier B.V. All rights reserved. http://dx.doi.org/10.1016/j.synthmet.2013.03.020 on dielectric surface properties. Naphthalene bis-benzimidazole, NBBI, and perylene bis-benzimidazole, PBBI, based OTFTs are not used in thin film transistor as an active layer.
Experimental
The organic thin film transistors (OTFTs) were fabricated with top contact/bottom gate geometry to investigate properties of dielectric/semiconductor interface by deposition of organic semiconductor on dielectric layer. The OTFT device geometry and chemical structure of used NBBI and PBBI semiconductors are shown in Fig. 1(a-c) . The indium tin oxide coated glasses were patterned by etching with diluted HCl for bottom gate electrode. Prior to coating of dielectrics, the substrates were cleaned by soaking in ultrasonic bath with distilled water, acetone and isopropanol, respectively. Benzocyclobutene (BCB) and poly(vinyl alcohol) (PVA) (Mowiol ® 40-8) with average molecular weight of 120,000 were purchased from Down Chemical Company and Aldrich Company, respectively. The molecular structures of polymeric dielectrics are shown in Fig. 1(d-e ). The BCB thin film polymeric dielectric was coated on ITO substrate by spin coating at 1500 rpm in 45 s and cured for 1 h at 285 • C in vacuum oven under argon atmosphere. PVA thin film polymeric dielectric was coated on ITO substrate by spin coating of 10 wt/v% PVA solution at 1500 rpm in 45 s and dried for 24 h under room temperature in vacuum. NBBI and PBBI semiconductors with thicknesses 100 nm were thermally evaporated under vacuum (10 −5 mbar) at a rate of 0.05 nm/s on BCB and PVA coated substrates under same conditions, respectively. LiF/Al metal electrode (purity 99.9%) with a thickness 0.6 nm/60 nm was deposited on active layers of NBBI and PBBI with vacuum evaporator under 1 × 10 −6 mbar by using shadow mask having a channel length (L) of 47 m and channel width (W) of 2 mm. The electrical characterizations of fabricated device were carried out in an inert gas atmosphere. The output (I ds − V ds ) and transfer (I ds − V gs ) characteristics of fabricated OFETs were measured with Agilent E5273A Source/Measure unit. Separate sandwich structures of metal-insulator-metal (MIM) with Au electrodes were prepared for capacitance-voltage measurements of dielectric films. A HP 4842A LCR meter was used for the geometrical capacitance measurements of insulator in MIM device structure. The surface morphologies of dielectric films and active layers were examined in tapping mode with a Q-Scope 250 Scanning Probe Microscope Ambios Technology operating at room temperature. The thickness of the dielectric was determined by a surface profilometer (Ambios XP-1).
In this study, devices are referred as device I and device II for NBBI and PBBI based OTFTs on the BCB dielectric, device III and device IV for NBBI and PBBI based OTFTs on the PVA dielectric, respectively.
Results and discussion
The thicknesses of polymeric dielectric films of PVA and BCB were adjusted to obtain in same order capacitance values of insulated films. The capacitance values of BCB and PVA insulators were found to be 1.2 nF/cm 2 and 1.8 nF/cm 2 with 2 m and 3.8 m film thicknesses, respectively. The dielectric constants of insulators from measured dielectric thicknesses were estimated as ε PVA = 8 and ε BCB = 2.6, respectively. The polymeric insulated films differ in their surface energy depend on molecular structures. The surface energy of BCB and PVA were 34.3 mJ/m 2 and 45 mJ/m 2 in accordance with the Refs. [30, 31] , respectively.
All OTFTs were fabricated under the same conditions in order to able to compare with each other. All devices present typical nchannel transistor output characteristics as a function of V gs . The output characteristics of all devices fabricated on top of the polymeric gate-insulator with LiF/Al top drain-source contacts were shown in Fig. 2(a-d) . The drain current I ds increases linearly with V ds , at low voltages, implies that good establishment of ohmic contact for electron injection between semiconductors and LiF/Al contacts. When the output characteristics of devices are compared with PVA and BCB dielectrics, the well-defined pinch-off (V ds ≈ V gs − V th ) voltages are not observed as shown in Fig. 2 . In ideal thin film transistor (TFT), the differential resistance r = ∂V ds /∂I ds must be high in the saturation regime (V ds > V gs ). In contrast to ideal TFT output characteristics, devices with exception of device III exhibited a low differential resistance in output characteristics above the pinch-off voltages. The high conductivity in saturation regime can be attributed to the presence of interface charges at the dielectric/semiconductor interface [32] . Fig. 3(a-d) depicts the transfer characteristics (log I ds − V gs ) and (I 1/2 ds − V gs ) of OTFTs at V th = 50 V to illustrate turn-off and turn-on state behavior by sweeping gate voltage. The magnitude of the turn-off current exhibits a dependence on polymeric gate dielectric, PVA gate insulated devices showed very high off current compared with BCB gate insulated device transfer characteristics in depletion regime (V gs ≤ 0 V). The OH − group of PVA has significantly large dipole moment that creates internal electric field in addition to gate induced field at the semiconductor/dielectric interface. Although capacitance value of PVA gate dielectric is comparable with BCB dielectric, drain current is very large in both accumulation regime and also in depletion regime for PVA dielectric due to dipole field of gate insulator. In addition to turn-off current, we evaluated turn-on voltage which is defined as the gate voltage where the drain current starts to increase. From transfer characteristic of devices, the large negative turn-on voltage was observed for PVA gate insulated devices compared with BCB dielectric. This negative turn-on voltage shows presences of trap states that provide mobile charge in the channel formed at the dielectric/semiconductor interface [33, 34] and also molecular dipole field of dielectric influences turn-on voltage absolutely due to band-bending at the insulator/semiconductor interface [35, 36] . The hysteresis effects were also observed especially in the presence of PVA dielectric which have hydroxyl group. Although there are several arguments as to the mechanism of the hysteresis effect in OFET, the results show that the charge injection and trapping mechanism are main sources of hysteresis mechanism in OFET which is produced on the dielectric with OH − [37] . Furthermore, for investigation of interface traps influences on transfer characteristics, subthreshold swing, S, which is pointed out the sharpness of field effect onset determined from inverse slope of the log(I ds ) versus V gs below threshold voltage, was evaluated. From transfer characteristics of below threshold voltage which is extracted from a slope of (I ds(sat) ) 1/2 versus V gs where intercept on the V gs axis, all devices exhibited large subthreshold swing (S). Actually normalized sub-threshold swing, S N = S × C i where C i is the dielectric capacitance per unit area, permits to compare more accurately devices behavior below threshold depends on dielectric thickness and varying dielectric materials. The normalized subthreshold swing values vary from 50 nF V decade −1 cm −2 to 120 nF V decade −1 cm −2 , the largest value was obtained from PVA insulated devices that show more deep interface traps. The subthreshold swing depends on not only dielectric thickness and also strongly interface traps position next to interface [38] . The device parameters extracted from transfer characteristics of OTFTs using Eq. (1) are summarized in Table 1 . The saturated electron field-effect mobility, , was obtained from saturated regime of OTFT by using following equation [39] ,
where I ds is the drain-source current, W is the width of channel, L is the channel length, C i is the capacitance per unit area of the insulator. V gs is the gate voltage, is the mobility of charge carrier and V th is the threshold voltage. A slope of (I ds(sat) ) 1/2 versus V gs determines saturated electron field-effect mobility, , and threshold voltages in which intercept V gs axis.
The saturated electron mobilities of devices fabricated on BCB dielectric have higher mobility compared with same semiconductors based devices fabricated on PVA dielectric although the permittivity of PVA is much higher than BCB. The carrier mobilities of arylene bisimide derivatives based OTFTs increased as the surface energy of the gate dielectric decreased. As discussed for pentacene small molecules in by Yang et al. [40] , mobility values of pentacene The values shown here are an average of at least six different devices fabricated under same conditions. decreased with increasing surface energy of dielectric. Shin et al. investigated the effects of polar functional groups of dielectric resulting from O 2 plasma treatment. They found that the mobility of pentacene increases as decrease surface energy of gate dielectric with large polar functional groups [41] . Gao et al. demonstrated similar results by investigating relationship between mobility and surface energy of gate dielectric regarding the surface energy of active semiconductor. It is generally accepted that the higher field effect mobility is achieved in case identical surface energies of dielectric and the semiconductor [42] . The transfer characteristics of semiconductors show that naphthalene bis-benzimidazole has a good performance in OTFT on both dielectrics compared with perylene bis-benzimidazole on the same gate insulated layer. This performance difference may attribute to facilitation of channel formation and stronginteraction at insulator/NBBI interface. In order to examine the surface effects on the charge carrier mobility depends on dielectric and semiconductors, an atomic force microscopy (AFM) was used. Before comparison in surface morphologies of semiconductors on PVA and BCB insulating-films, we evaluated the smoothness of bare insulator films. The mean roughness of PVA was 0.2 nm and that of BCB was 0.43 nm, indicating there is no large differences in roughness of insulating-films. Fig. 4 (a-b) depicts atomic force microscopy (AFM) image of vacuum evaporated NBBI and PBBI films on BCB layer in three dimensions. NBBI and PBBI films exhibit rough surface with a root-mean square (RMS) roughness of 1.73 nm and 1.33 nm, respectively. The grains of semiconductor growth an island shape on BCB dielectric with average peak to valley distance of 110 nm for NBBI and 150 nm for PBBI. The average maximum height value of grains above average film thickness on BCB dielectric layer was found to be 5.57 nm for NBBI and 4.392 nm for PBBI, respectively. The film morphologies of NBBI and PBBI on PVA dielectric layer are shown in Fig. 4(c-d) . The grain heights of NBBI deposited on PVA insulating-film were decreased with the exception of some island formations locally which are sufficiently separated from each other, while PBBI semiconductor shows as amorphous-like films whole the surface. These images show an evidence of lower mobility due to grain shape properties on surface. Although valleys act as a carrier traps due to roughness scattering at first or second semiconductor layer formed close to the interface, it is difficult to estimate interface morphology from AFM images of top surface. Hence, we can merely make an assumption about the charge carrier mobility dependence on grains appeared on top surfaces. In generally, grains significantly influence the transport mechanism of charge carrier and its mobility due to hopping process between organic molecules [43] . The grain size difference of same semiconductors on different insulating-films can be attributed to the RMS differences and hydrophilic/hydrophobic property of insulator films. The arylene bisiimides substituted with aromatic side chains can change surface property from hydrophilic to hydrophobic. In the case of C O and N H terminated perylene and naphthalene tetra carboxylic dimides may show relatively more hydrophilic surface in accordance with density of polar groups. The grains of semiconductor growth show more ordered aggregations and better electrical characteristics in the presence of substrate with the same surface property.
Conclusion
A detailed study of n-channel OFETs based on naphthalene and perylene bis-benzimidazole is presented by incorporating polar and non-polar polymeric dielectrics. We find the dipole moment depending on the polar functional groups modifies the surface potential of the interface next to channel and induces mobile charge carriers at turn-off state of OTFT. Experimental results indicate that the choice of gate dielectrics can dominate the electrical performance of OTFT by influencing morphology and structure of active layer. The presence of hydroxyl in polymeric dielectric has an effect on the interfacial electron trapping states next to channel at insulator/semiconductor. The highest mobility was obtained from BCB gate insulated although its capacitance value and permitivity is lower than PVA dielectric. The results showed that naphthalene bisbenzimidazole has a good performance in OTFT on both dielectrics compared with perylene bis-benzimidazole. The imidazole side group influences significantly charge carrier mobility and surface morphology due to surface energy of organic thin film.
